T cell immunity is critical in controlling human cytomegalovirus (HCMV) infection in transplant recipients, and T cells targeting viral immediate early proteins such as IE1, IE2 and pp65 have been speculated to be more effective against reactivation. Here we report efforts to construct replication incompetent adenovirus 6 vectors expressing these viral antigens as vaccine candidates. To reduce the potential liabilities of these viral proteins as vaccine antigens, we introduced mutations to inactivate their reported functions including their nuclear localization signals. The modifications greatly reduced their localization to the nuclei, thus limiting their interactions with cellular proteins important for cell cycle modulation and transactivation. The immunogenicity of modified pp65, IE1 and IE2 vaccines was comparable to their wildtype counterparts in mice and the immunogenicity of the modified antigens was demonstrated in nonhuman primates.
Introduction
Human cytomegalovirus (HCMV) is a prototype human b-herpes virus, prevalent in over 50% of the adult population worldwide. The infection in healthy subjects rarely causes any discernible clinical symptoms and the virus is persistent in the host for life. 1 When the host immune system is weakened as in transplant recipients under immunosuppression, HCMV infection, either as a primary infection or reactivation from latency, can cause serious and even life threatening disease. In addition, frequent viral episodes in these transplant recipients are often associated with poor clinical outcomes including mortality and engraftment failure. 2, 3 Although the use of antiviral agents has substantially improved the overall outcomes in these patients, it is recognized that the long term control of viral reactivation is ultimately dependent on the host immune system, especially T cell mediated immune responses. The early recovery of host T cell responses to HCMV, especially those mediated by CD4 C T cells, is associated with protection against viral episodes in transplant recipients. 4, 5 Thus, developing vaccine candidates that are safe and effective in inducing or enhancing host anti-HCMV T cells is considered an attractive approach to address the need to control HCMV infection in transplant recipients.
HCMV is a double stranded DNA virus with a genome size greater than 235 Kb, capable of encoding more than 160 ORFs. 6 The expression of HCMV viral genes follows distinct kinetics, i.e., immediately early, early and late phases. Many viral proteins can be targeted by host T cells. A comprehensive survey of a cohort of 33 HCMV seropositive donors with diverse HLA backgrounds revealed that more than 70% of viral antigens were recognized by host T cells. 7 Immediate early (IE) gene products are 2-4 times more frequently targeted by both CD4
C and CD8 C T cells compared to those expressed in early, early/late and late replication phases. In addition, in a murine CMV (MCMV) viral reactivation model, 8 Simon et al showed that the control of viral reactivation, measured by detection of viral immediate early and early gene transcripts, is dependent on the CD8 C T-cells specific to an immunodominant epitope in viral immediate early protein; abrogation of the T cell response by mutating this epitope leads to more frequent viral reactivations. 9 These lines of evidence suggest that T cells specific to the proteins expressed in the immediate early and early phases of viral replication would more effectively control viral reactivation than those specific to proteins expressed in later phases of the viral replication cycles.
HCMV IE1 (UL123) and IE2 (UL122) proteins are detectable in cells within hours following HCMV infection. They are abundant in the viral lytic cycle and together with pp65 (UL83) are among the most frequently recognized antigens by human CD4
C and CD8 C T cells, and are thus of interest as targets for vaccine design. However, these proteins carry risks as vaccine antigens if expressed without any modification. Viral protein pp65 is a major tegument protein with reported kinase functions, 10 and may also inhibit interferon activity. 11 IE1 and IE2 proteins have been reported to have functions in modulating cell cycles by blocking apoptosis, 12 and can disrupt PMLassociated nuclear bodies including ND10. 13 In this study, we genetically modified these proteins to nullify their undesired functions, making them potentially safe as vaccine antigens for clinical development. The modified antigens and their wild-type counterparts were cloned into recombinant replication incompetent adenovirus 6 (Ad6) vectors, and evaluated for their immunogenicity in mice. A mixture of Ad6 vectors expressing the modified antigens was then further evaluated in rhesus macaques. Our results suggest that these modified antigens maintain their immunogenicity in preclinical animal models and could be further developed for clinical evaluation.
Results

Vaccine design
Viral proteins pp65, IE1 and IE2 are important antigens for vaccines aimed at eliciting or enhancing host anti-HCMV T cell immunity. Viral protein pp65 of 561 amino acids contains casein kinase II phosphorylation sites (residues 426-498) and has serine/threonine kinase activity in vitro. 10 There is a putative kinase domain of ATP binding motifs with a highly conserved lysine at residue 436. In addition, pp65 contains a bipartite nuclear localization signal (NLS).
14,15 Thus, we hypothesized that pp65 could be functionally nullified by deletion and/or modification of the bipartite NLS, and with a substitution of the conserved lysine at position 436 with a glycine. 16 The vaccine construct, named modified pp65 (mpp65), and its amino acid sequence in comparison with the original pp65 is provided in Figure S1A .
Transcription of IE1 and IE2 is driven by the major immediate early promoter (MIEP) through alternative splicing. 1 The IE1 transcript contains exons 1, 2, 3 and 4, while the IE2 transcript contains exons 1, 2, 3 and 5. The two proteins share the first 85 amino acids encoded by exons 2 and 3. Both IE1 (491 amino acids) and IE2 (579 amino acids) are nuclear proteins with well-defined bipartite NLSs. 13, 17, 18 They are important in viral gene regulation, with IE1 augmenting MIEP activity while IE2 inhibiting MIEP activity. 1 In addition, both proteins have been shown to be capable of modulating host cell cycles, possibly through their interactions with Rb family proteins including p107 for IE1, and p53 and Rb for IE2. [19] [20] [21] [22] To nullify these functions in IE1 and IE2, we first removed the NLSs to limit the proteins to the cytoplasm, thus reducing the probability of their interaction with cell cycle modulation proteins, such as p53, Rb and p107, and cellular transcriptional activation factors, and also limiting their ability to disrupt ND10. Secondly, we deleted both exons 2 and 3 to eliminate the probability of these proteins to activate latent HCMV. 23 Exons 2 and 3 contain a structure that is important for binding to p107, 19 and a mutant HCMV virus with a deletion in its genome corresponding to amino acids 30 to 77 of IE1 and IE2 showed severely impaired growth kinetics in fibroblast cells, even at high multiplicity of infection. 23 Thus, this truncation in IE1 and IE2 further attenuated their functions in modulating host cell cycles. These constructs are named as mIE1 and mIE2, respectively. In addition, since all constructed antigens were expressed through MIEP and IE2 is known to negatively regulate MIEP activity, we designed two more IE2 constructs, IE2(H2A) and mIE2(H2A), in which two alanine substitutions were introduced to replace two histidines at positions 446 and 452. 24, 25 The alignments for the IE1 and IE2 constructs are provided in Figures S1B and S1C , respectively.
Since all constructs were driven by MIEP, we assessed the expression of modified IE1 and IE2 proteins by Western blot analysis. HEK 293 cells were transfected with DNA constructs, and the cell lysate samples were then blotted with mAbs specific for IE1 or IE2. The expression level of mIE1 seemed to be substantially lower than its wild type counterpart (IE1) (Fig. 1A) , indicating that the modification limited the IE1s ability to augment MIEP activity, due to the removal of NLS. It is also possible that the modification might have compromised the protein stability. Expression from the IE2 DNA constructs is shown in Fig. 1B . As expected, the IE2 construct with two alanine substitutions (H2A) was expressed at much higher levels than wild type IE2. Interestingly, the mIE2 construct expressed at similar levels as IE2(H2A), suggesting that the removal of the NLS was also effective in restricting the access of IE2 protein to the nucleus where it can affect MIEP transcriptional activity. The expression level of mIE2(H2A) was comparable to that of mIE2.
Based on these data, we selected three pairs of HCMV antigens, as summarized in Table 1 , for the construction of replication incompetent adenovirus 6 (Ad6) vaccines. 26 Transgene expressions of the Ad6 vaccines were confirmed by Western blot analysis (Fig. 2) . Although the expression level of b-actin was comparable in cells transduced with mock, Ad6-pp65 and Ad6-mpp65, enhanced expression was observed with mpp65 as compared to its unmodified counterpart ( Fig. 2A) . The expression levels of IE1 versus mIE1 and IE2(H2A) versus mIE2 were similar to those seen in DNA transfected cell cultures. 
Subcellular localization of modified HCMV antigens
To confirm the effect of removal of NLS on subcellular localization of these antigens, we conducted indirect immunofluorescent staining on MRC-5 cells transduced with the Ad6 vectors. Cells were stained in chamber slides with antigen specific antibodies as well as a mAb against Sp100, a prominent structural protein of ND10. 27 The nuclei were stained with DAPI. The slides were examined using confocal microscopy and the images were overlaid. As shown in Fig. 3A and B, while wild type pp65 was predominantly localized to the nucleus, as expected, mpp65 was evenly distributed between the cytoplasm and the nucleus. Thus, the modification of pp65 to eliminate the bipartite NLS sequence changed the cellular distribution pattern of pp65 from exclusively nuclear to both nuclear and cytoplasmic. Also as expected, the expression of pp65, or mpp65 did not affect the integrity of ND10, which appeared as punctuate staining within the nucleus by using mAb specific to the Sp100 protein.
While IE1 stained brightly in the nucleus of the MRC-5 cells transduced with Ad6-IE1, there was little staining seen in the Ad6-mIE1 transduced cells (Fig. 3C, D) . This result was consistent with the immunoblot analysis (Fig. 1A) showing that mIE1 had a lower expression level than IE1 in transiently transfected cell cultures. In addition, the Sp100 staining was visibly different between the cells expressing IE1 and those expressing mIE1. The Sp100 staining in cells expressing IE1 was diffuse in the nucleus, confirming the ability of IE1 to disperse the ND10 structure. 27 Such Sp100 staining patterns were not detected in cells expressing mIE1, indicating that the removal of NLS in IE1 was able to reduce its interaction with ND10 (Fig. 3C, D) .
As for the IE2 constructs, we found that IE2(H2A) was localized in the nucleus, and mIE2 was detected predominantly in the cell cytoplasm. These results confirmed that removal of NLS for these proteins was effective in changing their subcellular localization from nuclei to cytoplasm.
Immunogenicity evaluation
To confirm that the modified HCMV antigens were comparably immunogenic to their wild-type counterparts, we immunized C57Bl/6 £ Balb/c F1 mice with Ad6 vectored vaccines with dose titrations. Spleens from four mice per group were harvested four weeks post vaccination and the splenocytes were pooled for evaluation in IFN-g ELISPOT assays using 15-mer peptide pools of corresponding antigens as stimulants. While DMSO, the solvent used to prepare the peptide pools, did not generate any detectable T cell responses, antigen-specific responses were demonstrated for all Ad6 vectored vaccines. Both Ad6-pp65 and Ad6-mpp65 were highly immunogenic, eliciting a response that was close to 1000 SFC/10 6 spleen cells at 10 6 viral particles (vp) per dose in mice (Fig. 4A ). Regarding the IE1 and IE2 Ad6 vectored vaccines, both wild-type and modified versions were comparably immunogenic and T cell responses seemed to peak at around 3 £ 10 6 to 1 £ 10 7 vp per dose (Fig. 4B, 4C) . However, their peak responses were about 2-3-fold lower compared to those seen in pp65 or mpp65 vaccination.
To make sure that mixing three Ad6 vectored vaccines would not interfere with vaccine immunogenicity in vivo, we first tested the mixture of Ad6 vectored mpp65, mIE1 and mIE2 vaccines in mice. We immunized C57Bl/6 £ Balb/c F1 mice with a mixture of Ad6-mpp65, Ad6-mIE1 and Ad6-mIE2 with dose titration, and assessed the immune response to all three antigens in IFN-g ELISPOT assay. Similar data were obtained as seen in mice vaccinated with individual vaccines, and this result suggested that the delivery of all three vaccines as a mixture would not compromise their immunogenicity in mice ( Figure S2 ).
We next immunized six rhesus macaques with the mixture of Ad6-mpp65, Ad6-mIE1 and Ad6-mIE2 at 1 £ 10 10 vp for each construct. Vaccines were given at weeks 0 and 20, and PBMCs were collected for IFN-g ELISPOT assays at multiple time points. The response to each antigen was graphed longitudinally for each macaque, with the geometric mean values of the group plotted in solid black lines (Fig. 5) .
A single vaccination with the vaccine mixture was effective in eliciting T cell responses to pp65, IE1 and IE2. The responses to pp65, IE1 and IE2 were evenly distributed among the three antigens, different from those observed in mice, in which mpp65 seemed more immunogenic than mIE1 and mIE2 (Fig. S2) . In addition, the T cell responses seemed to peak after the first vaccination, and the second vaccination at week 20 didn't produce responses of the , Ad6-IE2 (E) and Ad6-IE2 (F) were stained with antigen-specific antibodies and antibody specific to Sp100. Cells were also nucleus stained with DAPI. Pictures were acquired for individual staining and overlaying using confocal microscopy as described in Materials and methods.
same magnitude at week 24. The overall T cell responses to three antigens totaled between 500 to 1000 SFC/10 6 cells for each animal. The data confirmed that the modified pp65, IE1 and IE2 antigens were immunogenic in nonhuman primates when delivered as Ad6 vectored vaccines.
Discussion
HCMV infection in transplant recipients remains an important cause for morbidity and mortality despite the availability of small molecule antiviral drugs. The long term control of HCMV infection from viral reactivation is dependent on the recovery or reconstitution of host T cell immunity, and vaccines remain an attractive approach for this therapeutic goal. Here, we explored Ad6 vectored vaccines for eliciting T cell responses to the dominant HCMV viral antigens pp65, IE1 and IE2. These three antigens were chosen based on the following reasons. First, these antigens are expressed or present abundantly during the immediate early phase of viral infection, and T cells targeting these antigens are likely more effective in blocking viral gene expression cascades which lead to full blown viral reactivation. Although conclusive evidence to support this notion is yet to be demonstrated, an early work on surveying host T cell responses to HCMV antigens has shown that the antigens expressed in the immediate early phase are 2-4 times more frequently targeted by host CD4 C and CD8 C T cells than those expressed in other viral replication kinetic phases. 7 Second, these antigens are essential or important for viral replication and are highly conserved in sequence among known clinical virus isolates, making it less likely for the virus to generate mutations to escape vaccine-induced immune responses. Lastly, these antigens are highly immunogenic in healthy HCMV seropositive human subjects with diverse genetic backgrounds. 7 More importantly, T cells targeting IE1 and pp65 have been shown to be effective in control of HCMV infection when adoptively transferred in transplant recipients. 28, 29 We further addressed the concern about potential safety liabilities related with in vivo expression of pp65, IE1 and IE2 by modifying the antigens as outlined in Table 1 . Our key strategy focused on removal of the well-defined bipartite NLS in these antigens. By relocating these antigens from nuclei to cytoplasm, the chances for these proteins to interact with host proteins involving cell cycle regulations or transcription activation were greatly reduced. The effect of changing subcellular localization by removal of NLS was visualized by immunofluorescent staining. Supporting this design, we also observed that the auto-regulation of IE2 on MIEP activity was abrogated when its bipartite NLS was removed (Fig. 1C) . Based on the literature, we also mutated the highly conserved lysine at residue 436 of pp65, 16 which is located in a putative kinase domain of ATP binding motifs, and deleted the exons 2 and 3 in both IE1 and IE2 proteins to eliminate the transactivation activities of these antigens while still retaining important immune epitopes. 23 Although it is difficult to quantitatively measure the effects of these modifications including the deletions on overall vaccine immunogenicity, our mouse study showed minimal difference between the immune responses induced by wild-type versus modified antigens (Fig. 4) , suggesting that T cell epitopes were largely preserved in the modified antigens.
Replication incompetent adenovirus vaccines are highly effective in inducing T cell responses, and have been studied extensively for HIV-1 vaccines. 30 One of the key limitations of the technology is that the recombinant adenovirus is highly sensitive to the serum neutralizing antibodies specific to its serotype. 31, 32 The preexisting host T-cell responses to adenovirus could also negatively affect vaccine immunogenicity; however, the effect by the T-cells to adenovirus antigens on vaccine immunogenicity has not been well characterized. The serotype specific effect has been shown in previous HIV-1 vaccine studies where Ad5 vectored HIV-1 vaccines were less immunogenic in subjects with seroneutralizing titers greater than 200 as compared to those with the lower or negative titers. 33 Our rhesus data also suggested this effect as the second vaccination at week 20 did not further boost the host T cell responses beyond the previous peak levels at week 4. To overcome the hurdle of preexisting serum neutralizing antibodies against the vector, higher doses are generally required as shown in rhesus macaque studies. 34 Another approach is to utilize adenovirus vectors with lower seroprevalence in the general population. Ad5 and Ad6 are both group C viruses, and share high sequence homology except E3 region, hexon and fiber, 35 and many platforms for recombinant vaccine construction and production are interchangeable. Additionally, a previous work has surveyed the worldwide seroprevalence of Ad5 and Ad6, 36 and the prevalence rate for seroneutralizing titers greater than 200 against Ad6 in North America and Europe is 17% and 8%, respectively, compared to 35% and 39% of those against Ad5. This observation confirms that Ad6 is a better vector choice than the traditional Ad5 vector. In summary, we described here an effort to engineer HCMV viral proteins to nullify their potential functions in regulating cell cycles or interacting with cell transcriptional factors. The modifications were intended to address the potential issues of expressing these proteins as T cell antigens in recombinant adenovirus vectors. We further showed that the modifications did not affect the ability of these antigens to induce T cell responses when compared with their wild-type counterparts, and three Ad6 vectored HCMV vaccines administered together as a mixture in nonhuman primates were able to induce T cell responses to all antigens. These vaccines could be further evaluated in additional animal models including those transgenic mice with defined elements of immunodeficiency prior to clinical evaluations in transplant recipients.
Materials and methods
Cells and reagents
HEK293 (ATCC CRL 1573) and MRC5 (ATCC CCL-171) cells were acquired from ATCC (Manassas, VA, USA), and maintained in Eagle's Minimum Essential Medium (EMEM) supplemented with 10% fetal bovine serum (FBS). AD169 virus from ATCC was propagated in MRC5 cells as previously described. 37 Peptides of 15-mer overlapping by 11 amino acids covering entire open reading frames of HCMV pp65, IE1 and IE2 proteins were synthesized by SynPep Corp (Dublin, CA, USA). Peptide pools were made as previously described. 38 Mouse monoclonal antibody (mAb) for HCMV pp65 was purchased from US Biologicals (Salem, MA, USA), and mouse mAbs for HCMV IE1 and IE2, recognizing exon 4 (IE1) and exon 5 (IE2), respectively, were purchased from Vancouver Biotech LTD (Vancouver, Canada). Mouse anti-human CMV IE1 mAb, clone L-14, was acquired from ATCC. Anti-IE2 poly-serum used for indirect immunofluorescent staining was generated in house. Briefly, rabbits were immunized with Ad6-IE2 at 1 £ 10 10 viral particles at week 0 and 3, followed by vaccination with synthetic peptide (DPDNPDEGPSSKVPR-PETPC) conjugated to Keyhole limpet hemocyanin at 100 mg at week 11. Rabbit immune sera were collected at week 15. Rabbit anti-human Sp100 (ND10) polyclonal sera were acquired from Chemicon International, Inc. (Temecula, CA, USA). Alexa Fluor 594 chicken anti-rabbit IgG and Alexa Fluor 488 chicken anti-mouse IgG were purchased from Invitrogen (Carlsbad, CA, USA).
Vaccine constructs
DNA constructs containing the open reading frame (ORF) of pp65, IE1 and IE2 derived from AD169 virus and their corresponding modified forms were codon optimized for mammalian expression. The synthetic genes were cloned into V1Jns plasmid vector as described previously. 39 The authenticity of the genes was confirmed by sequencing, and expression was confirmed by Western blot analysis (see below). Selected constructs were cloned into a replication-incompetent Ad6 vector under the HCMV major immediate early promoter, and the Ad6 virus vaccines were expanded in PER.C6 cells (Janssen Vaccines, Leiden, Netherlands) and the CsCl gradient purified vaccine stocks were quantified by optical density method as described. 26 
Vaccinations
All animal studies were carried out in accordance with the Guide for the Care and Use of Laboratory Animals, and the protocols were approved by the Institutional Animal Care and Use Committee of Merck & Co., Inc., Kenilworth, NJ, USA, and New Iberia Research Center, New Iberia, LA, USA, when applicable. Groups of ten four-six weeks old pathogen-free female C57Bl/6 £ Balb/c F1 mice (Jackson Laboratory, Bar Harbor, ME, USA) were immunized with Ad6 constructs intramuscularly (i.m.) at week 0. The vaccines were administered in a total volume of 100 mL containing between 10 5 to 10 8 viral particles (vp) with 50 mL injected in each quadriceps without anesthesia. The nonhuman primate study was conducted at New Iberia Research Center. Rhesus macaques were prescreened for their baseline responses to selected HCMV antigens in ELISPOT assay, and six animals with minimal background responses were chosen and immunized with a mixture of three Ad6 vector vaccines (1 £ 10 10 vp per construct) i.m. in 0.5mL volume under anesthesia.
Western blot
Cell lysates were prepared from 293 cells transfected with pV1Jns vectored IE1, or IE2 and their corresponding modified genes, or from Per.C6 cells infected with Ad6 vectored vaccines. The cell lysates were denatured in reducing sample buffer (Invitrogen), and separated on a 4-20% SDS-PAGE (Invitrogen). The proteins were transferred to nitrocellulose membranes (Invitrogen) and blotted with mouse mAb specific to the CMV antigens. The blot was developed using the WesternBreeze Chromogenic Kit (Invitrogen).
ELISPOT assays
The enzyme-linked immunospot (ELISPOT) assays used to enumerate antigen specific gamma interferon (IFNg)-secreting cells from mouse spleens and rhesus macaque PBMC were conducted as previously described, 40 using peptide pools of 15-mer peptides overlapping by 11 amino acids representing HCMV proteins pp65, IE1 and IE2 as stimulating antigens. Media containing the same amount of DMSO as in the peptide pools was used as controls.
Indirect immunofluorescence staining and confocal microscopy
Subcellular localization of HCMV antigens was examined by immunofluorescent confocal microscopy. Briefly, MRC-5 cells (1 £ 10 4 cells/well) in DMEM/10% FBS were plated in 4-well Lab-Tek II Chamber Slides (Nalgen Nunc International, Penfield, NY, USA) and cultured at 37 C, 5% CO 2 for 48h. Cells were then infected with Ad6 vector virus expressing mock antigen or modified pp65, IE1, IE2 at 1,000 viral particles/cell overnight. After washing, cells were fixed with 2% paraformaldehyde in PBS at room temperature for 30 min and then permeabilized with 0.2% Triton X-100/0.2% BSA at room temperature for 10 min. Afterwards, slides were first stained with the following antibodies: mouse anti-human CMV IE1 mAb, clone L-14 (1 mg/mL); rabbit anti-human CMV IE1/2 immune serum (1:500 dilution); mouse anti-CMV pp65 antibody (1:50 dilution); or rabbit anti-human Sp100 (ND10) polyclonal antibody (1:100 dilution) at room temperature for 60 min and followed by staining with Alexa Fluor 594 chicken anti-rabbit IgG (1:1,000 dilution) or Alexa Fluor 488 chicken anti-mouse IgG (1:1,000 dilution) at room temperature for 60 min. Chambers were then removed and slides dried briefly at room temperature. Nuclei were stained with Vectashield Mounting Medium with DAPI (Vector laboratories, Burlingame, CA, USA) and slides were then covered with coverslips and sealed with Nail Polish. Images of the cells were taken with a confocal microscope (Nikon Eclipse TE2000-U with the PerkinElmer Ultraview ERS Rapid Confocal Imager system). The scanning procedure itself illuminates the specimen through a Nipkow spinning disc with specific laser emissions at the following wavelengths: 405 nm, 488 nm, 568 nm, and 640 nm.
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